Abstract Eight spontaneous mutants of Streptomyces roseosporus resistant to spectinomycin (SpcR) were mapped to distinct transversions or deletions in the rpsE gene. Most of the mutations were strongly recessive to the wild type SpcS allele. This suggests that some SpcR alleles of rpsE may be useful in a spectinomycin based counterselection system. Keywords spectinomycin, rpsE, ribosomal protein S5, Streptomyces reseosporus, resistance Spectinomycin is a bacteriostatic aminocyclitol antibiotic that inhibits protein synthesis. It affects ribosome function by binding to the 30S subunit and inhibiting translocation of peptidyl-tRNA from the A-site to the P-site [1, 2] . Translocation involves local pivoting of the head of the ribosome relative to the body, and is sterically hindered by the presence of the antibiotic [3] . Amino acid substitutions in ribosomal protein S5 [4], the product of the rpsE gene, is associated with resistance to spectinomycin (SpcR). This protein is located on the 30S subunit and interacts with 16S rRNA and other proteins. Crystallographic studies of the Bacillus stearothermophilus S5 protein showed that it contains an N-terminal dsRNA binding region that interacts with 16S rRNA helix H3 [4, 5] .
Fig. 1 Organization of rpsE region and characterization of S. roseosporus rpsE and ribosomal protein S5. (A) Organization of rpsE region in
Streptomyces coelicolor and location of primers, designed on the basis of S. coelicolor data, that were used to amplify the rpsE region of S. roseosporus. (B) Sequence and deduced amino acid sequence of S. roseosporus rpsE and neighboring genes. A 5' purine rich sequence (underlined) may serve as a ribosome-binding site (RBS) for rpsE. The coding region extends from nucleotides 37 to 639, and overlaps the coding region for rpmD (639 to 821). The PCR product includes the start of the coding region for rplO (nucleotide 823) which is preceded by a canonical RBS (double underline). (C) Alignment of S5 from S. roseosporus (SRO), Streptomyces avermitilis (SAV) (Genbank Accession no. NP_826120), S. coelicolor (SCO) (NP_628878) and Streptomyces fradiae (SFR) (AY772012). Dots indicate residues identical in all four streptomycetes.
extremely similar to homologs found in other streptomycetes (Fig. 1C) .
Isolation of SpcR Mutants
S. roseosporus is sensitive to Ͻ6 mg/ml spectinomycin (J. Penn, personal communication) in AS-1 medium [11] . SpcR colonies were recovered after 3ϳ15 days at a frequency of 3.4ϫ10 Ϫ8 and 2.7ϫ10 Ϫ8 from spores plated on media containing 50 mg/ml or 100 mg/ml spectinomycin, respectively. Ten colonies selected at random were analysed ( Table 1 ). All exhibited wildtype morphology and sporulation, and grew well on AS-1 even with 750 mg/ml spectinomycin. Mutations in rspE, including transversions and deletions, were present in nine of the ten SpcR strains ( Table 1 ). All mutations resided in the ds16S rRNA binding region of S5, "loop 2" as delimited by residues N19 and F33 in the Escherichia coli protein [5, 12] , or their equivalent, N41 and F55, in S. roseosporus (Fig. 2) . The highly conserved lysines and arginines here form a positively charged b -ribbon that interacts with the minor groove in 16S rRNA, and the glycine-glycine (GG) residues allow a tight turn before the conserved phenylalanine at the end of the flexible region. As both spectinomycin [3] and "loop 2" interact with 16S rRNA H34 [5] , it has been hypothesized that mutations contributing to greater flexibility in this region may counteract constraints resulting from binding of the antibiotic, thus conferring resistance. Co-localization of the few known SpcR mutations in other bacteria [13ϳ16] to this region is consistent with a mechanism of resistance that involves ribosomal function. The tenth S. roseosporus SpcR strain, XH30, had wildtype rpsE. While it is possible that 286 0 mg/ml 750 mg/ml 0 mg/ml 750 mg/ml spc spc spc spc
roseosporus UA343 is the progenitor strain. Derived strains are listed by the position of mutation. Strains XH26ϳ
XH30 were mutants isolated on AS-1 supplemented with 100 mg/ml spectinomycin; the rest were from media with 50 mg/ml spectinomycin. b) Mutations are indicated by the standard one letter amino acid code; e.g. "V43F" indicates that valine at position 43 was changed to phenylalanine, and "(GTCϳϾTTC)" indicates that this was due to a G to T transversion. c) Exconjugants of each strain with pXH006, carrying the wildtype (SpcS) rpsE gene, were patch tested on AS-1 containing spectinomycin and inspected for growth after incubation at 30°C for 6 days. "Ϫ" indicates no growth, "ϩ" indicates growth comparable to UA343 on media without antibiotic. "ϩ/Ϫ" indicates very poor growth after a delay of several days. mutations in 16S account for non-S5 related SpcR [1, 17] , the liklihood is low here because streptomycetes have multiple rRNA operons.
Dominance of SpcS
To test possible dominance relationships, the coding region of rpsE (nucleotides 40ϳ695, Fig. 1B) was subcloned under control of the strong constitutive ermEp* promoter in pHM11a, an integrative E. coli/Streptomyces shuttle vector [18] . The resulting plasmid, pXH006, was introduced into E. coli DH10B carrying helper plasmid pUZ8002, and transferred by conjugation using standard methods [19] into several SpcR mutants. Two to six exconjugants were patch tested for sensitivity on AS-1 plates with spectinomycin. Growth was completely inhibited at 750 mg/ml spectinomycin in strains carrying rpsE4, rpsE5, rpsE6, or rpsE8, but not in strains with rpsE2, rpsE3, or rpsE7 which showed some growth only after several days (Table 1) . Notably, SpcR mutations at the N-terminal side of "loop 2" were completely recessive, whereas those at the C terminus (K48-R52) were not. Introduction of pHM11a alone did not affect growth or spectinomycin resistance. That the non-rpsE related resistance in strain XH30 remained unaffected by the introduction of the wildtype gene supports the specificity of this complementation test.
Utility of rpsE for Counter-selection
Homologous gene replacement is a useful tool for precise molecular dissection of gene function but has a disadvantage in being laborious. To overcome this, plasmid-borne counter-selection systems based on recessive resistance phenotypes, e.g. rpsL-dependent streptomycin resistance, have been used [20] . The present study suggests that rpsE might be useful in a similar manner. In particular, investigations requiring multiple replacements at one locus may be well served by construction of an intermediate strain in which counterselection, such as provided by rpsE, is directly applied to the target locus, rather than to the delivery plasmid. In this arrangement, a dominant allele for sensitivity is placed at the desired target locus and is epistatic over a recessive allele for resistance at the native locus: subsequent homologous recombination of test constructs at the target evicts the dominant allele, and expression of resistance is indicative of successful gene replacement by double crossover. Since S. roseosporus rpsE mutations are similar to those in E. coli and B. subtilis, SpcR based counterselection could have a broad applicability. Conservation of rpsE proteins among streptomycetes further suggests that the S. roseosporus rpsE gene might confer a dominant sensitivity phenotype when introduced into SpcR strains derived from other streptomycetes.
